Sporulation processes induced by limited nutrients characterize some bacteria, such as *Bacillus* and *Clostridium* species. It is well established that spore formation results in generation of metabolically dormant and environmentally resistant cells with abilities to survive high temperature, UV and gamma radiation, treatment with most antibiotics and extreme environmental conditions[@b1][@b2][@b3]. Moreover, spores are even 10- to 50- fold more resistant to the lethal effects of high vacuum, UV radiation and desiccation compared to vegetative cells[@b4], making their eradication challenging for medical or industrial purposes. Spore-forming bacteria frequently occur in food products, and they are responsible for food spoilage and food-borne diseases and constitute an emerging problem in food production[@b5]. Importantly, dormant spores of some bacteria, mainly *Clostridium* species, are an infectious and transmissible form of the microbe. The persistence of spores, their germination, and their outgrowth into the vegetative form is responsible for a re-emergence of *Clostridium difficile* infections, even after long-term antibiotic treatment[@b6][@b7].

Most research on sporicidal agents has focused on physical processes and application of reactive chemical compounds, many of which are toxic to humans, which be only applicable in industrial settings (e.g., sterilization with moist heat, UV radiation or hydrogen peroxide)[@b8][@b9]. Accordingly, the number of studies on antimicrobial agents effective in the treatment of infections caused by spore-forming bacteria is still very limited[@b10]. However, considering the pathogenicity of spore formers, the search for new sporicidal agents, appropriate for medical use is of significant interest.

Multiple factors are responsible for the resistance of *Bacillus* species spores. These include lower core water content and high mineralization of spore cores, relative impermeability of spore membranes, the spore core's high level of dipicolinic acid (DPA) and its associated divalent cations (mostly CaDPA), the protection of spore DNA against wet heat damage by its saturation with α/β-type small, acid-soluble proteins (SASPs), the presence of UV-absorbing pigments located in the spore's outer layers and DNA damage repair mechanisms during spore germination and outgrowth[@b8][@b11][@b12]. A major component in spore resistance is the unique multilayered structure of spores that differ from that of growing vegetative cell. This structure includes thick outer proteinaceous spore coats, outer membranes, cortexes, inner membranes and spore cores. Considering such complex spore structures, membrane-permeabilizing factors are attractive candidates as a novel sporicidal agents. An example of such agents is ceragenin CSA-13, a bile acid derivative designed to mimic the mechanism of action of endogenous antimicrobial peptides. A growing number of reports describing the broad-spectrum antimicrobial activity of antimicrobial peptides and ceragenins, primarily ceragenin CSA-13, leads to the hypothesis that ceragenins could possess anti-spore activity[@b13][@b14][@b15][@b16][@b17][@b18][@b19][@b20]. To date, it has been demonstrated that CSA-13 preferentially binds negatively charged phospholipids and causes alterations in the architecture of membranes (local loss of membrane organization, polarization and transport control)[@b21]. Membrane disruption and depolymerization occur as the consequence of the membrane activity of CSA-13, which can be enhanced via covalent immobilization onto magnetic nanoparticles surface[@b22].

To date, there are several reports describing the potential ability of antibiotics to suppress sporulation processes[@b23]. However, therapies using classical antibiotics or synergistic activity of compounds with different mechanisms of action are often associated with high toxicity and low selectivity against spores. The complex structure of spores, in particular their inner membranes, must be considered to understand spore resistance to some chemicals and lytic agents[@b3]. Recognizing the membrane activity of CSA-13, we investigated whether permeabilizing properties of CSA-13 are sufficient to impair the inner membrane integrity of bacterial spores.

Although *B. subtilis* is not the major pathogen responsible for lethal infections in humans, it can serve as a model of spore formers suitable for studies of spore susceptibility. In this study, we assessed the sporicidal activity of ceragenin CSA-13 against *Bacillus subtilis* ATCC 6051, an undomesticated ancestor of the widely used *B. subtilis* strain 168[@b24]. We report that CSA-13 interacts with the spore structure which results in (i) alteration of spore coat integrity, (ii) increase in the permeability of spore membranes and (iii) loss of CaDPA. Combined, these effects decrease the resistance of spores to external factors and lead to decreased spore survival.

Results
=======

CSA-13 exerts antibacterial activity against the vegetative form of B. subtilis and inhibits germination of spores
------------------------------------------------------------------------------------------------------------------

In the first phase of the study, the antibacterial activity of CSA-13 against *B. subtilis*, in vegetative form and in spore form, was assessed. As shown in [Fig. 1A](#f1){ref-type="fig"}, CSA-13 exerted high antibacterial activity against the vegetative form of *B. subtilis* at concentrations ranging from 1 to 15 μg/mL. To assess whether the time of incubation significantly affected CSA-13 killing properties, incubation was extended to 4 h. Interestingly, the impact of incubation time was minimal; all vegetative cells were killed at a CSA-13 concentration of 15 μg/mL when incubation time reached 240 min. Simultaneously, incubation of a spore suspension at room temperature with CSA-13 at 75 μg/mL concentration resulted in total inhibition of their growth potential when the incubation time was equal or longer then 30 minutes ([Fig. 1B](#f1){ref-type="fig"}). To assess the impact of higher temperature on spore viability, we performed additional incubations of spore suspensions with CSA-13 at 70 °C ([Fig. 1C](#f1){ref-type="fig"}). It was confirmed that elevated temperature significantly intensifies the activity of CSA-13. In contrast to samples treated at room temperature, time- and dose-dependent effects during incubation in higher temperature were observed. Incubation lasting 15 min was sufficient to inhibit the growth of spores at a CSA-13 concentration of 20 μg/mL. Extension of incubation time to 120 and 240 minutes allowed the killing of bacterial spores at 5 μg/mL of CSA-13.

The antibacterial effects of CSA-13 ([Fig. 1A--C](#f1){ref-type="fig"}) were confirmed using the tetrazolium salt MTT assay as a measure of viability ([Fig. 1D--F](#f1){ref-type="fig"}). Dormant spores of *Bacillus* species exhibit low metabolism due to poor enzyme activity in the spore core and produce low levels of compounds such as NADH or ATP. However, the reactivation of spores and their return to vegetative metabolism, when the environmental conditions are suitable, is usually possible[@b25]. The incubation of non-treated spores in LB broth at 37 °C resulted in reactivation of metabolic activity confirmed by increasing formazan reduction and subsequent rise in an absorbance value (data not shown). Considering this fact, an additional test, allowing for detection of any metabolic activity in CSA-13-treated samples, was performed. According to collected data, in samples treated with corresponding doses of CSA-13, almost no metabolic activity was present. Vegetative cells showed no detectable metabolism when subjected to incubation with CSA-13 at 20 μg/mL, which indicates strong antimicrobial activity of this agent against vegetative form of bacteria ([Fig. 1D](#f1){ref-type="fig"}). Importantly, only a small fraction of spores was able to resume proper metabolic activity after exposure to favorable environmental conditions -- both when incubated at RT and elevated temperatures ([Fig. 1E and F](#f1){ref-type="fig"}).

CSA-13 interacts with spore structures
--------------------------------------

A number of studies have shown that ceragenins, including CSA-13, exert antimicrobial activity due to their amphipathic nature, which provides their membrane-permeabilizing properties upon insertion into bilayer lipid structures[@b26][@b27][@b28]. Consequently, CSA-13 membrane activity might explain its interference with the germination of *B. subtilis* spores indicated by results shown in [Fig. 1](#f1){ref-type="fig"}. This observation was additionally confirmed by measurement of optical density at 600 nm (OD~600~). The dose-dependent changes of OD~600~ resulting from CSA-13 addition were observed (data not shown). Release of rhodamine 6G from spores treated with CSA-13 was also performed as an additional measure of its interference with spore structure. Spores incubation with CSA-13 at 20 μg/mL resulted in dye release, which strongly suggests an alteration in the charge density on the surface of the spore. Notably, this effect was significantly higher than that noted for vancomycin (data not shown). However, conditions of the experiment did not allow for a precise localization of rhodamine-spore binding, thus determination from which layer of spore structure the dye is being released is unknown and complicated by unspecific staining of spores with fluorescent dyes[@b29]. An additional assay employing FITC-labeled CSA-13 confirmed that CSA-13 exerts high affinity for the external layers of *B. subtilis* spores. Interestingly, CSA-13 possessed greater affinity for the spores than for the vegetative form of bacteria ([Fig. 2A](#f2){ref-type="fig"}). To investigate the cause of this effect, the zeta-potential of *B. subtilis* in vegetative and spore forms was measured ([Fig. 2B](#f2){ref-type="fig"}). It was confirmed that spores possessed more negative surface charge (−26 mV) than vegetative cells (−21 mV), which was the most likely cause of the differences in interactions with positively charged molecules such as CSA-13. Additionally, incubation of samples with 100 μg/mL CSA-13 led to a decrease in the absolute value of the observed zeta-potential (−11 mV).

CSA-13 interrupts the integrity of the spore membrane causing changes in spore core morphology
----------------------------------------------------------------------------------------------

TEM microscopy was performed to visualize the morphology of *B. subtilis* vegetative cells and spores upon exposure to CSA-13. Micrographs clearly illustrate that CSA-13 affects spore structure ([Fig. 3](#f3){ref-type="fig"}). Both local and extensive changes in the integrity of external layers of spore led to alternations within spore core, which suggests that CSA-13 not only affects the structure of the spore coat but also increases the permeability of the outer and inner spore membranes. In particular, the ability of CSA-13 to by-pass the impermeability of spore's inner membrane is considered as vital for the action of this agent, considering that maintained integrity of this layer plays a crucial role in the development of spore resistance to many chemicals[@b30].

CSA-13 induces the release of CaDPA from antibiotic-treated spores
------------------------------------------------------------------

DPA is considered to be one the key factors determining the resistance of *B. subtilis* spores to UV radiation and desiccation and as one of the molecules involved in the protection of DNA from damage[@b30][@b31]. Additionally, the release of this molecule occurs during killing of spores by wet heat and is preceded by an increase in inner membrane permeability[@b8]. Confocal Raman spectroscopy was used for analysis of changes in the chemical composition of spores upon treatment with CSA-13 ([Fig. 4](#f4){ref-type="fig"} and [5](#f5){ref-type="fig"}). DPA forms a complex with divalent ions (mostly Ca^2+^) and this complex exhibits characteristic bands in Raman spectra. The presence of these bands in spectra obtained from a single spore can be interpreted as high-CaDPA content cell (CaDPA positive), while their absence as low or undetectable CaDPA content cell (CaDPA negative). Following this approach, CSA-13 treated and untreated spores underwent spectroscopic evaluation. Based on Raman spectra, it was shown that incubation of spores with the ceragenin at room temperature resulted in a significant reduction of the number of CaDPA positive cells, while all untreated cells contained this complex. Treatment with 200 μg/ml of CSA-13 resulted in loss of CaDPA in 45% of measured spores. When treatment was conducted at 70 °C, the percentage of CaDPA negative spores was greater compared to sample treated at room temperature ([Fig. 5](#f5){ref-type="fig"}). Treatment with 50 μg/ml of CSA-13 resulted in loss of CaDPA in 95% of measured spores, while treatment with 200 μg/ml of CSA-13 resulted in loss of CaDPA in all measured spores (no CaDPA positive spores were found). This effect agrees with observed increase of CSA-13 sporicidal activity at 70 °C ([Fig. 1C and F](#f1){ref-type="fig"}).

Discussion
==========

Bacterial spores formed in sporulation processes are extremely resistant to physical sterilization, antimicrobials and antibiotics[@b1][@b2][@b3]. To date, a number of factors involved in the development of resistance of spores were recognized. Among them, the structure of spore plays a crucial role in the protection of cells against stressful environmental conditions. It is established that the spore coat is engaged in the resistance of spores against some chemicals and lytic enzymes degrading the spore cortex, but does not alter the resistance of cells against heat, radiation and select chemical decontaminants[@b2]. The outer membrane is not considered an important protecting barrier as well since its removal does not result in considerable alternations in spore resistance[@b2][@b32]. In contrast, the inner membrane of spores represents a strong permeability barrier, significantly defending internal structures of spores, mainly DNA, and playing a vital role in the development of chemical resistance[@b33]. Given the above, agents with the ability to by-pass permeability barriers of spores are promising in the treatment of this form of bacteria.

Membrane-permeabilizing properties of ceragenin CSA-13 described in a number of reports[@b13][@b14][@b21] encouraged investigation of whether ceragenin-induced alterations in the organization of spore's biological membranes might be sufficient to kill the spores of *B. subtilis* or considerably affect their germination and ability to outgrowth in appropriate environmental conditions. To date, it has been confirmed that similar mechanisms of sporicidal activity were described for oxidizing agents and acid solutions. It was reported that peroxynitrite and acids appear to kill spores by damaging the spore's external layers, in particular, the inner membrane resulting in spore death[@b34]. On the other hand, treatment of spores with hydrogen peroxide causes dysfunction of spore germination[@b35]. However, these agents are not suitable to use in many medical treatments. Additionally, enzymes present in the spore coat, mainly superoxide dismutase, might detoxify some oxidizing agents before they penetrate into the deeper parts of the spore, which significantly reduced their usefulness[@b36].

Our data indicate that the viability of vegetative cells and the ability of spores to germinate and restore outgrowth is strongly reduced after CSA-13 treatment. A substantial limitation of killing assays and the MTT test performed in the first stage of the study is the fact that it is not possible to state whether CSA-13 treated spores are indeed killed. Considering the nature of spore-forming microorganisms, including *Bacillus* spp. it is possible that CSA-13-treated spores are superdormant or unable to germinate under normal environmental conditions as a result of inactivation of some component of the spore's germination apparatus. In 2002, it was demonstrated that viability of *B. subtilis* spores treated with strong alkali can be restored by germination with exogenous lysozyme, despite the fact that after plating of spores' samples on rich media they seem to be dead[@b37]. However, while the exact mechanism of CSA-13 action was not definitely determined in this stage of the research, we can indicate that the CSA-13 treated spores lost the colony-forming ability and cannot take proper metabolism action upon exposure to this agent, as proven by optical density measurements combined with MTT assay. This also suggests that lack of metabolism detection in CSA-13-treated samples results from ceragenin-caused membrane disruption followed by loss of redox potential and proton motive force. This observation remains in agreement with previous studies showing that the OD~600~ of spore suspensions falls during spore germination due to alterations in the spore's core refractive index upon water uptake and swelling of the core[@b38]. We hypothesized that this phenomenon is conditioned by the interaction of CSA-13 with spore's external layers and to confirm this assumption we performed rhodamine 6G-release assay from stained spore cells (data not shown). In general, spores are difficult to stain with reagents that easily stain vegetative forms of bacteria. A fact that dye can be bound by almost all structures surrounding the spore core, including the outer proteinaceous spore coat, the thick peptidoglycan cortex and outer and inner membrane, is also an additional impediment in the determination from which layer dye is released upon CSA-13 treatment[@b35][@b37]. Nevertheless, our observed release of rhodamine 6G indicates that CSA-13 disturbs the integrity of the multilayered structure of spores. The affinity of FITC-labeled CSA-13 to spore layers was also confirmed by fluorescence-based measurements ([Fig. 2A](#f2){ref-type="fig"}).

Interestingly, it was revealed that CSA-13 interacts stronger with spores than with vegetative forms of bacteria. To understand the source of such phenomena we carried out zeta potential measurement for both vegetative and spore form of *Bacillus*. Considering the cationic nature of the CSA-13, we suggested that differences in surface charge of spores and vegetative cells might result in altered interaction of this compound with the biological membrane of these cells. Our measurements confirmed these predictions, showing that bacterial spores possess more negatively charged cell surface than vegetative cells, which is most likely associated with the local charge of the proteins that comprise the outer layers of the spore. Additionally, studies demonstrated by Kosh *et al*. and Kemper *et al*. suggest as well that physiologically active *B. subtilis* cells possess less negatively charged surface than inactive cells, which is conditioned by protonation of bacterial cell wall during growth and lower pH near the surface[@b39][@b40]. Noteworthy, incubation of samples with CSA-13 led to a decrease of the negative charge of vegetative cells and spores, which indicates its interaction with the biological membrane of cells.

A significant result obtained from our study is the release of CaDPA from CSA-13 treated spore samples. As presented in [Fig. 4](#f4){ref-type="fig"} and [5](#f5){ref-type="fig"}, almost all untreated spores contain high levels of this complex, while ceragenin-treated samples are characterized by its significant loss, reaching our threshold of detection. This effect can be strengthened by exposure of spores to elevated temperatures. It is established that the high level of DPA (∼20% of core dry weight) considerably improves the resistance of spore to external stress factors; however, its role in this phenomenon is still unclear. It is well-known that DPA occurs in the spore core as 1:1 chelate with divalent cations, predominantly Ca^2+ ^[@b31] and its presence in spore allows for decrease of core water content by replacing some core water with DPA, which promote the resistance of spores to hydrogen peroxide, formaldehyde, and the iodine-based disinfectants[@b41]. Additionally, DPA is involved in the protection of spore DNA from damage caused by dry heat or desiccation[@b42]. Importantly, the level of residual spore core water is sufficient to maintain the antimicrobial activity of CSA-13, since spore core is not completely dehydrated[@b41]. To date, it has been assumed that increased levels of DPA are correlated with wet heat resistance of spores[@b41]. However, studies performed by Balassa *et al*.[@b43] and Hanson *et al*.[@b44] indicate that the presence of DPA is not the only factor involved in heat-resistance of spores since isolation of thermo-resistant DPA-less spores is also possible. Despite these reports, it is assumed that the protection of spore core proteins from denaturation and inactivation by wet heat promotes wet heat resistance[@b41].

In our study, we demonstrated that increasing incubation temperature significantly affected the killing properties of CSA-13. As presented in the [Fig. 1C and F](#f1){ref-type="fig"} (viability assay) and [Fig. 5](#f5){ref-type="fig"} (Raman measurements) the sporicidal activity of ceragenin was greatly strengthened when the spores were exposed to higher temperatures in aqueous environment. We were unable to determine the precise mechanism of this phenomenon, however, our observations are with the agreement with reports demonstrated by Russell *et al*. indicating the improvement of sporicidal activity of chemicals at elevated temperatures[@b45]. We hypothesize that this effect could be associated with alternations in core water content, which would be consistent with reported studies demonstrating a decrease in spore resistance to sterilizing agents due to greater spore core hydration[@b9][@b46]. Considering that the loss of spore DPA is followed by replacement of this compound by water[@b8], we suggest that alterations in core hydration are associated with the CSA-13-induced release of CaDPA from spore core as the result of membrane-permeabilizing properties of this agent ([Fig. 6](#f6){ref-type="fig"}). Research performed by Coleman *et al*. confirmed our conclusion. Based on observations noted by this research team, it was determined that the major event during treatment of spores with moist heat is the release of DPA from the spore core, and this process results from alterations in permeability of spore barriers, probably the spore inner membrane, which allows for increased accessibility of the spore core to exogenous factors. Importantly, this process involves a simultaneous increase in spore hydration[@b8]. Given the above, we hypothesized that a similar mechanism of action against spores was involved in the observed activities of CSA-13. So we assumed that both treatment methods decrease the viability of spore by comparable mechanisms. It is possible that the augmented killing properties of CSA-13 at higher temperatures in aqueous environments result from CaDPA release, which is followed by eradication of the DPA-depleted spores and increased sensitivity to sporicidal, chemical agents.

On the other hand, DPA release from the spore core is an event that occurs during germination of *B. subtilis* spores due to the activation of germinant receptors, and it is established that DPA release activates cortex degradation and activates the second stage of this process[@b47]. Considering this fact, it can be proposed that the mechanism of action of CSA-13 involves triggering of germination process followed by eradication of germinated spores and vegetative cells, which are more sensitive to external factors than spores alone. However, our observations including the low level of outgrowth of CSA-13-treated spores in appropriate nutrient conditions and lack of water influx observed in the optical density measurements are not consistent with this possibility.

In conclusion, we suggest that further studies evaluating the anti-spore properties of CSA-13 and other ceragenins are justified. Our study clearly indicates that ceragenin CSA-13, apart from its pleiotropic antimicrobial properties[@b48][@b49][@b50][@b51], possesses great potential for development of a new sporicidal agent. However, additional studies are needed to determine the exact mechanism of action involved in the activity of this compound against *B. subtilis* spores.

Material and Methods
====================

Spore preparation and purification
----------------------------------

To prepare *Bacillus subtilis* ATCC 6051 spores, bacteria were grown on LB agar plates (tryptone 10.0 g/L, yeast extract 5.0 g/L, sodium chloride 10.0 g/L, agar 15.0 g/L) without antibiotics at 37 °C for 72 h. Bacteria were harvested, re-suspended in ice-cold phosphate buffered saline (PBS) solution and purified by triple centrifugation (12 000× g, 10 min, 4 °C). The spore suspension was heat treated (75 °C, 15 min) to remove remaining vegetative cells, cooled, stored in water at 4 °C and protected from light until analysis[@b52][@b53][@b54]. Previous studies confirmed that heat activation with subsequent cooling does not significantly affect the properties of spores and their resistance to external factors[@b55]. All spores used in this work were free of vegetative cells (\>98%), as determined by staining cells using Schaeffer and Fulton Spore Stain Kit (Sigma-Aldrich, St Louis, MO, USA) (data not shown). Additionally, to confirm the formation of spores during preparation, purified samples were investigated using transmission electron microscopy (TEM, Tecnai G2 X-TWIN, FEI, USA). TEM micrographs confirmed the presence of *B. subtilis* spores with characteristic spore-exclusive structures ([Fig. 3B](#f3){ref-type="fig"}).

The viability of Bacillus subtilis spores and vegetative cells
--------------------------------------------------------------

Viability assay was performed according to the protocol presented by Ghosh and Setlow[@b38]. Spore suspensions in PBS were brought to 10^8 ^CFU/mL and incubated with various concentrations of CSA-13. To evaluate the effect of treatment time on the killing properties of the antibiotic, incubation was performed for 15, 30, 60, 120 and 240 min, respectively. To investigate the effect of temperature on sporicidal properties, incubation at room temperature (RT) and at 70 °C was performed. After incubation, the plates were transferred to ice and suspensions were diluted 10- to 1000-fold in PBS. Then, 10 μL aliquots were spotted on LB agar plates for overnight culture at 37 °C and CFUs were determined. Cell survival, after exposure to the tested agent, was expressed as percent of control.

As an additional confirmation of results, the presence of a metabolically active fraction of cells was investigated using MTT assay. Briefly, after incubation of spores with various concentrations of CSA-13 in a non-growing medium (PBS), 20 μL of MTT solution (thiazolyl blue tetrazolium bromide, Sigma-Aldrich, St Louis, MO, USA, 5 mg/mL) and 100 μL of LB medium broth were added. Incubation at 37 °C was continued for 8 h. Medium was removed, and 100 μL of dimethyl sulfoxide solution (DMSO) was added to dissolve the MTT precipitate. Cells were allowed to stand at RT for 10 min with shaking. Absorbance values were detected at a wavelength of 570 nm using a microplate spectrophotometer. Absorbance values obtained in control spores cultures (without a tested agent) were taken as 100%. As positive controls, 1 M HCl (for spore treatment at RT) and 70% ethanol (for spore treatment at 70 °C) were employed. The average of all the experiments was presented in comparison to the level of metabolic activity detected in non-treated *B. subtilis* suspension. Incubation of both vegetative cells and spores of *B. subtilis* was performed for 15, 30, 60, 120 and 240 min.

Measurement of optical density
------------------------------

To assess germination processes in antibiotic-treated samples, a spectrophotometric method was employed. Briefly, isolated spores were incubated at RT for 1 h in PBS with concentrations of CSA-13 ranging from 10 to 100 μg/mL. Then 100 μL of LB broth was added, and optical densities at 600 nm (OD~600~) were monitored, using a microplate reader (Synergy H1, BioTek, VT, USA), for 60 min.

CSA-13-induced release of rhodamine 6G from spore structures.
-------------------------------------------------------------

The release of rhodamine 6G absorbed on the surface of *Bacillus* spores was evaluated using the Maesaki method[@b56] with minor modifications. To stain cells with rhodamine 6G, the dye was added to a final concentration of 10 μM for 10 min. Non-absorbed dye was removed by centrifugation for 2 min at 10 000× g. Next, stained cells were washed and CSA-13 at 20 μg/mL was added. After incubation for 10, 30, 60 and 120 min, supernatant was collected by centrifugation and absorption at 527 nm was measured. The total concentration of rhodamine 6G released from the surface of spores was calculated using a standard concentration curve. The level of antibiotic-induced release was presented as the difference between the concentration of rhodamine 6G released from treated spores and control samples.

Measurement of zeta potential and affinity of antibiotic
--------------------------------------------------------

To assess the affinity/binding of CSA-13 for the outer bacterial membrane, CSA-13 was labeled with fluorescein isothiocyanate (FITC) and added to the suspensions of vegetative cell and spores, to a final concentration of 20 μg/mL. The affinity of CSA-13 to cell membranes was assessed using fluorimetric measurement (Synergy H1, BioTek, VT, USA) with excitation/emission wavelengths of 298/534 nm recorded for 15 min. To evaluate whether affinity of CSA-13 is influenced by the surface electrical properties of cells, zeta potentials of vegetative bacteria and spore suspensions were assessed using Zetasizer Nano ZS (Malvern Instruments, United Kingdom). Bacterial and spore cultures were brought to OD~600~ \~ 0.1 in PBS buffer (pH = 7). To evaluate the effect of the ceragenin on zeta potential value, CSA-13 was added at the concentration of 100 μg/mL to the spore suspension, incubated for 15 minutes and transferred to a cuvette. Measurements were conducted at 25 °C.

Transmission electron microscopy TEM
------------------------------------

To visualize alterations in morphology and membrane permeability of treated spores, a suspension of spores (OD~600~\~0.5) in distilled water was treated with CSA-13 at concentrations of 50 μg/mL and 200 μg/mL and incubated for 1 h at RT and 70 °C. After incubation, cells were centrifuged (8000 rpm, 5 minutes) and samples were fixed in a mixture of 2.5% glutaraldehyde and 2% paraformaldehyde in 0.1 M cacodylate buffer (CB) at pH 7.0 for 1 h at 4 °C, and taken up into agar blocks. Then samples were washed in CB at 4 °C (1 h) and post-fixed in 1% osmium tetroxide in CB for 1 h at 4 °C and next dehydrated through a graded series of ethanol and embedded in Glycid ether 100 (Epon 812). Ultrathin sections were contrasted with uranyl acetate and lead citrate and mounted on nickel grids and evaluated in a transmission electron microscope OPTON 900.

Confocal Raman spectroscopy
---------------------------

For Raman spectroscopy analyses, spores of *B. subtilis* were suspended in 100 μL of distilled water and treated with CSA-13 (50 μg/mL and 200 μg/mL) for 1 h at RT and 70 °C. Samples were transferred to polished calcium fluoride (CaF~2~) optical windows (Crystran, United Kingdom) and dried at 60 °C. Raman spectra were recorded using a Renishaw InVia Raman spectrometer equipped with an optical confocal microscope, an air-cooled laser emitting at 532 nm, and an CCD detector thermoelectrically cooled to −70 °C. A dry Leica N PLAN EPI (100x, NA 0.85) objective was used. The power of the laser at the sample position was ca. 1.5 mW. A sum of 20 scans with integration time of 20 s and a resolution of 0.5 cm^−1^ was collected. The spectrometer was calibrated using the Raman scattering line generated by an internal silicon plate. A laser spot (diameter of *ca.* 760 nm) was focused on a single spore and then the measurement was performed. All spectra were smoothed and baseline corrected. Results from one representative experiment are provided.
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![Decreased survival of CSA-13-treated *B. subtilis* spores.\
Decline in the survival of *B. subtilis* culture after incubation with various concentrations of CSA-13 (panels A--C) evaluated using a killing assay method. Level of metabolic activity observed in ceragenin-treated spore samples exposed to appropriate environmental conditions when compared to untreated control (panels D--F) assessed using the MTT assay. Samples were incubated at RT (panels A, D for vegetative form and panels B, E for spore form, respectively) and at 70 °C (panels C, F) for 15 (white squares), 30 (grey circles), 60 (black circles), 120 (white triangles) and 240 (grey diamonds) minutes. Data from experiments performed in triplicate are shown.](srep44452-f1){#f1}

![Affinity of FITC-labeled CSA-13 to vegetative and spore form of *B. subtilis* (panel A). Results from one representative of four experiments are shown. Changes in zeta potential values of ceragenin-treated vegetative and spore of *B. subtilis* (panel B). \#Indicates statistical significance (P \< 0.05) when compared to vegetative form of bacteria.](srep44452-f2){#f2}

![TEM micrographs of untreated vegetative (panel A) and spore form of *B. subtilis* (panel B). Disruption of spore membrane architecture after treatment with 50 μg/mL of CSA-13 at RT (panel C) and at 70 °C (panel D) and 200 μg/mL of CSA-13 at RT (panel E) and at 70 °C (panel F). Arrows indicates changes in membrane structure upon treatment with CSA-13.](srep44452-f3){#f3}

![Raman spectra collected from *B. subtilis* spores treated with CSA-13 at RT. Panel A - control sample, panel B - 50 μg/mL of CSA-13, panel C - 200 μg/mL of CSA-13. Asterisks denote CaDPA bands well separated from bands of spore biocomponents. Blue color indicates spectra from CaDPA negative spores, while red color indicates spectra from CaDPA positive spores. All spores from control sample contained CaDPA (red spectra). Treatment with 50 μg/ml and 200 μg/ml of CSA-13 resulted in loss of CaDPA in 70% and and 45% of measured spores, respectively. Spectra were normalized to the 1002 cm^−1^ band. If the sample contained CaDPA positive and negative spores both spectra (blue and red) are presented.](srep44452-f4){#f4}

![Raman spectra collected from *B. subtilis* spores treated with CSA-13 at 70 °C.\
Panel A - control sample, panel B - 50 μg/mL of CSA-13, panel C - 200 μg/mL of CSA-13. Asterisks denote CaDPA bands well separated from bands of spore biocomponents. Blue color indicates spectra from CaDPA negative spores, while red color indicates spectra from CaDPA positive spores. 90% of spores from control sample contained CaDPA. Treatment with 50 μg/ml and 200 μg/ml of CSA-13 resulted in loss of CaDPA in 95% and 100% of measured spores, respectively. Spectra were normalized to the 1002 cm^−1^ band. If the sample contained CaDPA positive and negative spores both spectra (blue and red) are presented.](srep44452-f5){#f5}

![Proposed mechanism of ceragenin CSA-13 sporicidal activity.](srep44452-f6){#f6}
